Introduction
One of the major complications in total hip arthroplasty is deep infection, leading to loosening of the endoprosthesis at the bone cement interface and pain [1] [2] . A prosthesis-related infection is difficult to treat, due to several factors like the reduced availability of antibiotics from the blood stream at the site of infection [2] [3] and an immuno-incompetent zone around an implant [4] . Consequently, antibiotics for the prevention and treatment of infections are added to numerous bone cements [5] . Beside their original task, the fixation of the implant, those cements serve as a depot for antibiotics and deliver them directly to the site of infection. Commonly used bone cements are based on polymethylmethacrylate (PMMA), which polymerizes after mixing with methylmethacrylate (MMA) within a few minutes and forms an adhesive material. As appropriate antibiotic gentamicin, a natural occurring agent produced by the bacterial strain Micromonospora purpurea, has proven itself over the last decades, due to its wide-spectrum antimicrobial activity and excellent water solubility of its sulfate form. The release of gentamicin from PMMA cements has been intensively studied in the past on various time scales ranging from a few minutes up to several years [6] [7] [8] [9] . Beside numerous in-vivo investigations [9] [10] [11] , static in-vitro elution tests [8] [9] were performed as well as continuous flow experiments [12] [13] , which allow the simulation of dynamic streams of various velocities surrounding the sample. Moreover, the influence of additional parameters like mechanical strain [14] or different surface roughness [15] has been observed. Most studies indicate that the amount of released antibiotic strongly depends on the overall concentration [16] and release kinetics is governed by an initial antibiotic burst, followed by a rapid drop of the elution rates [6] [12] [13] , Various characterizations demonstrate that antimicrobial agents can only poorly diffuse through PMMA and are mainly released from the surface or through a network of cracks in the matrix by contact with solution [7] [9] . Nevertheless, some studies indicate that water can enter the solid matrix of PMMA, resulting in a swelling of the samples [17] , and some authors have argued that this effect may be related to the sustained elution of small antibiotic amounts over long periods [18] . like vancomycin and gentamicin, resulting in the conclusion that vancomycin delivery is not independent of the gentamicin concentration [19] [20] . Even if the use of antibiotic combinations is still under discussion from a medical point of view, those systems open an interesting possibility to improve understanding of the microscopic release kinetics.
In this study the elution behavior of various binary combinations of antibiotics from Palacos PMMA cement has been characterized in a continuous flow experiment and occurring dependencies are discussed in a model, in which antibiotics are released from a network of cracks near the surface. PMMA samples with a fixed amount of a primary antibiotic and a varying secondary agent are compared with focus on the initial release phase. Secondary antibiotics with significantly different release rates were selected. Moreover, the influence of different mixing techniques and cyclic loading, representing the forces produced by walking, was analyzed for antibiotic combinations.
Material and methods

Sample preparation
Commercially available Refobacin® Palacos® R (Fa. Merck KGaA, Darmstadt, Germany) was chosen as PMMA bone cement for this study. Palacos R already contains 0.5 g gentamicin (0.835 g gentamicin sulfate) in 40 g cement. For the experiments additional 0.5 g (Fa. Löns-Apotheke Celle, Germany) was supplemented. Moreover, 2 g ampicillin (2.125 g ampicillin sodium, Fa. Grünethal GmbH, Aachen, Germany), 2 g ofloxacin (Fa. Löns-Apotheke, Celle, Germany) or 2 g vancomycin (2.050 g vancomycin hydrochloride, Fa. Hikma Pharma GmbH, Germany) were added as a second antibiotic, respectively, and the powder was manually pounded in a mortar. Finally, the MMA solution was added to the mixture by careful stirring with a metal spatula and the cement paste was filled into silicone molds. Cylindrical samples with 9 + 0.1 mm diameter and a length of 20 ± 0.3 mm (elution and cyclic loading experiments), 30 ± 0.4 mm (grinding experiments for surface analysis), or 5 ± 0.1 mm (scanning electron microscopy) were prepared.
Continuous flow experiments
The release kinetics of antibiotic combinations was studied in a continuous flow apparatus ( Figure 1 ) to grant steady environmental conditions with a constant flow-rate of the elution media and an optimal time resolution. The flow apparatus consisted of a large reservoir (5 1) for the elution media, which initially dropped into a pre-chamber with constant liquid level to ensure steady hydrostatic pressure. In the next step the media flowed into a temperature-controlled elution chamber where the sample was located and the elution procedure took place. After passing a valve for the regulation of the flow rate the eluate was collected by a fraction sampler and divided into time-steps. The antibiotic concentration was determined for each time-step using a UV-V1S spectrometer (Cary UV-Visible Spectrometer, Fa. Varian GmbH, Darmstadt, Germany) in dualbeam mode. The antibiotic-containing liquid was compared to a reference sample without antibiotic and the concentration was calculated from its absorption strength [21] with a previously measured calibration curve. All calibration curves were linear up to an antibiotic concentration of 40 mg/1; samples with higher antibiotic concentration were diluted 1:2, 1:4 or 1:8 with the pure elution media for the measurement and corrected afterwards. The applied method provides a direct determination of the concentration and is independent of the biological activity of an antibiotic. Since gentamicin exhibits almost no UV-absorption, it was derivatized for the measurement: 0.8 ml of the gentamicin eluate were mixed with 0.8 ml isopropyl alcohol and 0.8 ml solution for the derivatization (containing 100 mg o-phtaldialdehyde, 1.0 ml methanol and 0.2 ml ß-mercaptoethanol ad 100 ml 2°/o di-sodiumtetraborate solution). Due to the instability of the solution, all concentration measurements were completed within one hour after derivatization. The UV-inactivity of non-derivatized gentamicin opens the possibility to measure the concentration of two antibiotics even if their UV spectra overlap, since the concentration of the second antibiotic can be measured before the derivatization process and proportionately subtracted from the spectra after derivatization.
A 0.9 °/owt/V sodium-chloride solution at 37 ± 1 °C with a flow rate of 12 ± 1 ml/h was used for all experiments. The antibiotic elution was observed for 440 minutes with a time resolution of 10 minutes and three series of measurement were collected for each combination of antibiotics.
Microscopic release kinetics
It has been observed up to which depth and in which ratio antibiotic combinations were released from a cement rod. A sample containing gentamicin and ampicillin was prepared as described above. After eluting the rod for 440 min in the continuous flow apparatus, 1.0 ± 0.1 mm of the cylinder was grinded down from top and bottom, respectively, and the antibiotic release was observed for another 440 min. The procedure was repeated once resulting in a total elution time of 1320 minutes. Moreover, the surface of an eluted sample was compared to a fresh rod using scanning electron microscopy. The bone cement was eluted in 1 1 0.9 °/owt/V sodium-chloride solution for 20 hours at 37 ± 1 °C. After diying in air the samples were coated with gold and analyzed in a Zeiss scanning electron microscope DSM 940.
Cyclic loading experiments
The influence of mechanical strain on the release kinetics of antibiotic combinations was observed by applying a cyclic load to the cylindrical bone cement samples. Since a measurement in continuous flow under cyclic load was not possible with the used equipment, static elution experiments were made. The sample was placed in a cylindrical stainless steel holder (23 mm height, 25 mm diameter), which was filled with 8.8 ml elution media (0.9 %wt/V sodium-chloride solution). A cyclic loading of 1500 Ν (equivalent to a pressure of 23 MPa for the investigated sample geometry) and a frequency of 1 Hz has been chosen as upper boundary of potential forces for a heavy patient. The forces were applied by a metal stamp at room temperature. All measurements were made with a REL-2100 dynamic force testing machine (Fa. Zwick GmbHEtCoKG, Ulm, Germany). The eluate was extracted from the holder each hour and measured by UV-VIS spectroscopy as described above.
Influence of the mixing technique
Palacos rods containing gentamicin and ampicillin were prepared by manual mixing as described above as well as with a vacuum mixer. The samples were eluted for 440 minutes at 37 ± 1 °C in the continuous flow experiment using a flow rate of 12 ml/h. Three series of measurement were averaged for analysis.
Results and discussion
Microscopic release kinetics
Figure 2 displays the antibiotic release per minute during the initial 440 minutes of elution for the examined PMMA bone cements containing a gentamicin-ampicillin, gentamicin-vancomycin, or gentamicin-ofloxacin combination, respectively. The results of three series of measurements were averaged for each plot. The release kinetics is governed by an initial antibiotic burst as known from cements containing only a single antibiotic [6] [12] [13] , followed by a rapid drop of the elution rate, which emerges into an exponential decay. Although Palacos has been extensively used in the past and a considerable number of papers focus on the release kinetics of a single antibiotic from it, the results from the literature are difficult to compare because of the varying experimental conditions and a strong dependency of the release rate on the geometry of the samples. The release peak of the investigated secondary antibiotics exhibits considerable differences, ranging from 45.6 ± 2.1 μg/min for ampicillin to 12.0 ± 2. and the amplitude of the release peak is found outside the statistical error margins of the other two samples. The shown results point out that gentamicin release is not independent on the presence of a second antibiotic and may be influenced by chemical interaction or directly by the release rate of the other agent. Obviously, the high amount of released ampicillin also leads to an increased elution of gentamicin, while the minor release of vancomycin and ofloxacin only entails a constant basic gentamicin release. However, the investigation of three antibiotic combinations does not suffice for a final conclusion and more detailed examinations are necessary.
In order to get more information about the microscopic release kinetics, the ratio in which antibiotics are released from the surface or the inside of the PMMA cement was observed by grinding 1 mm from the top and the bottom of a gentamicin-ampicillin rod after an elution experiment of 440 minutes. Thus, antibiotics from the inside are exposed and their occurrence in these layers after the initial burst is observed by further elution experiments. The results are shown in figure 3 . mal antibiotic burst without grinding. The second and third peak result from additional bursts directly after grinding and continuing the elution experiment. The surface for the resumed antibiotic release from the previous experiment was reduced from 975.5 mm 2 to 791.7 mm 2 (81.2%) by this process due to the shortened height of the cylinder as well as the missing end faces. Moreover, two non-eluted surface with an area of 127.2 mm 2 (13.0 °/o) are added. The decaying background release exhibits the expected gradient for a continuation of the previous elution. The intensity of the second release peak, which results from the sum of the background and the additional exposed antibiotic, is slightly above the estimated value, if antibiotic release is assumed to continue from the lateral surface of the cylinder with two new end faces. The excess of the second release peak may result from an additional roughening caused by the grinding process of the end faces. Obviously, the freshly exposed surfaces contain at least the same amount of antibiotics as a new sample and hence, only quantities below the measurement accuracy are released during the initial burst from this part of the sample before. After a second grinding experiment, the additional release peak reaches the same value as in the first experiment after subtracting the background, which also supports the interpretation that antibiotic release during the initial phase is primarily a surface phenomenon. However, no information about the origin of the sustained long-term release from bone cements is obtained by this experiment due to the detection limit of this method. Figure 4 displays the scanning electron micrograph (1000 χ magnification, 10 μηι bar) of Palacos samples containing gentamicin and ampicillin before and after 20 hours of elution. The micrographs of both samples show a rough and bubble-like surface topography with several large cracks. However, a large number of small craters (black arrows) with a diameter between 4 and 15 μπι and a distinct round geometiy are found only on the eluted sample and may result from dissolved antibiotic grains, which previously intersect the cement surface.
Influence of external parameters
In the next step effect of cyclic loading was examined. Figure  5 displays the overall sum of released antibiotics at different (lines). The sum curve without loading flattens quickly and less antibiotic than in the continuous flow experiment is released, due to a lower working temperature and different experimental conditions. By contrast antibiotic release is noticeable increased when applying the cyclic load. The applied force of 1500 Ν with a frequency of 1 Hz (which represents the potential force for a heavy patient) causes an increase of total ampicillin release to 230 °/o and 214 °/o for gentamicin in the first 420 minutes. Obviously, the observed increase of the release rate is high compared to the expected measurement error, which can only be estimated as an upper boundary of 33°/o from the other experiments, since the complexity of the experiment required the collection of a single data row only for this part. Our results are different to measurements on gentamicin-only samples from Hendriks et al. [14] , who only found a significantly highTime (min) pies exhibit only a slightly increased initial release peak, which is not significant and inside the error margins. Moreover, the curve progression after more than 30 minutes is very similar for both mixing methods and hence, the influence on a patient can be considered as low.
A suitable model for the description of the microscopic release kinetics needs to take into account that a) an initial release peak occurs and b) antibiotics are primarily released from the surface during this phase. Moreover, c) combinations interfere with each other, d) small craters are formed in the surface during elution and e) antibiotic release is increased by cyclic loading. According to existing models, where antibiotics are released directly from the surface or from a network of cracks, the dependence of antibiotic combinations would imply that release is governed by a consecutive mechanism in which the dissolution of an antibiotic grain causes the excavation of other grains: In the initial step, antibiotic grains which directly intersect with the cement surface or a crack are dissolved once they come into direct contact with the elution media, producing the small craters observed by SEM. The subsequent absence of these grains leads to an increased surface area with a probability that other antibiotic grains, cracks or narrow channels intersect with the newly exposed area. If no further interconnections are uncovered at a certain position the number of grains actively being eluted decreases resulting in the observed decay of the initial release rate. For antibiotic combinations, the dissolution of one antibiotic may also excavate additional grains from the other leading to a dependency between the two release kinetics.
For the gentamicin-ampicillin samples a high amount of ampicillin is released during the initial antibiotic burst and hence, there is also a high probability to lay open additional gentamicin grains by this process. On the other hand, gentamicin release from combinations with a lower secondary release like vancomycin and ofloxacin is also decreased and seems to exhibit a basic release rate, which may be determined by the selfcorrelation of gentamicin particles and the probability of gentamicin-gentamicin connections. The observed behavior under cyclic loading can also be understood in terms of this explanation. Additional micro-cracks formed by the application of cyclic loading would result in an increased probability for uncovering new connections to additional grains by elution of other particles. In combination with the pump effect mentioned by Hendriks et al. [14] this would lead to an increased total antibiotic release. In this model, the kinetics of antibiotic release is primarily determined by antibiotic concentration and statistical distribution as well as cracks and size of antibiotic particles in the cement. The latter may be influenced by several factors like the initial grain size of the antibiotic powder, chemical interaction as well as solution / decomposition effects and cannot be finally resolved in this study.
Conclusion
A strong dependence of the gentamicin release rate from Palacos bone cement on the presence of a second antibiotic like ampicillin, vancomycin or ofloxacin was observed in a continuous flow experiment. The results support former studies, in which a dependence of gentamicin release in the presence of vancomycin [19] [20] was observed. Moreover, the release of both antibiotics during the observed period is primarily a surface phenomenon and can be basically described by direct elution from the surface or a network of cracks intersecting the surface. In this description, the mutual dependence primarily results from the consecutive dissolution of interconnected grains. The application of a cyclic loading increases the release rate of both antibiotics, possibly due to the formation of additional micro-cracks or a pump effect, which was also mentioned in former studies [14] . On the other hand, different preparation methods (manual and vacuum preparation) were found to have only a weak influence on the release kinetics. The study provides a basic understanding of the release mechanism of antibiotics combinations during the initial phase, but further investigations are required to gain a complete insight, particularly with regard to the long-term behavior of antibiotic release. In future we are planning to carry out numerical computer simulations for a more detailed specification of the discussed interpretation and an optimization for medical application.
Moreover, we are very thankful to Mr. Wolfgang Braun for the detailed characterization of the used continuous flow apparatus.
Abstract
Antibiotic release kinetics has been observed in a continuous flow experiment for Palacos PMMA cement containing various combinations of gentamicin and a second antibiotic. The aim of this work was to characterize the mutual influence of antibiotic combinations on their release rates and draw general conclusions about the underlying mechanism from it. A dependency of the gentamicin release on the type of the second antibiotic has been observed and both antibiotics were primarily eluted from locations near the cement surface dur-ing the observed period. Moreover, significantly increased release rates have been found for a gentamicin-ampicillin sample when applying a cyclic loading. On the other hand, only a slight variation of the elution was caused by different mixing techniques. The results have been explained in a surface elution model, in which antibiotic grains are consecutively dissolved and new grains are excavated by this process. 
